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Abstract-Excitation energy transfer in C-phycocyanin is modeled using the Forster inductive reson- 
ance mechanism. Detailed calculations are carried out using coordinates and orientations of the 
chromophores derived from X-ray crystallographic studies of C-phycocyanin from two different species 
(Schirmer et al., J .  Mol. Biol. 184, 257-277 (1985) and ibid., 188, 651-677 (1986)). Spectral overlap 
integrals are estimated from absorption and fluorescence spectra of C-phycocyanin of Mastigocladus 
laminosus and its separated subunits. Calculations are carried out for the p-subunit, a@-monomer, 
(ap),-trimer and (ap),-hexamer species with the following chromophore assignments: pl55 = 's' 
(sensitizer), p84 = 'f' (fluorescer) and a84 = 'm' (intermediate)$. The calculations show that excitation 
transfer relaxation occurs to 298% within 200 ps in nearly every case; however, the rates increase as 
much as 10-fold for the higher aggregates. Comparison with experimental data on fluorescence decay 
and depolarization kinetics from the literature shows qualitative agreement with these calculations. 
We conclude that Forster transfer is sufficient to account for all of the observed fluorescence properties 
of C-phycocyanin in aggregation states up to the hexamer and in the absence of linker polypeptides. 
INTRODUCTION 
The light harvesting pigment proteins associated 
with photosynthesis function by absorbing light and 
transferring the resulting electronic excitation 
energy to  one or more photosynthetic reaction cen- 
ters. This energy transfer process, which is typically 
complete within about lO-"'s, has been described 
as involving a sequence of exciton delocalization 
among strongly interacting pigment chromophores 
followed by Forster inductive resonance transfer 
between pigment-protein complexes (Sauer, 1986). 
This two-stage mechanism is particularly appro- 
priate in the case of chlorophyll-containing light- 
harvesting complexes, where spectroscopic band 
splittiags and conservative sigmoidal C D t  spectra 
are thought to  reflect the exciton coupling inter- 
actions (Sauer, 1975; Cogdell and Scheer, 1985). 
Close proximity ( s 2 . 0  nm) of the chromophores is 
thought to be essential for such exciton coupling to 
play a significant role in the excitation delocal- 
ization. 
In other antenna types like the phycobiliproteins 
Forster type transfer is believed to  be the dominant 
mechanism (Scheer, 1981, 1982). The recent publi- 
cation of molecule coordinates of two C-phyco- 
cyanin molecules based on X-ray crystallographic 
*To whom correspondence should be addressed. 
tAbbreviafions: cd, circular dichroism: PC, C-phyco- 
$The corrected amino-acid numbering has been used 
cyanin. 
throughout (Schirmer et al., 1985). 
determinations (Schirmer et al., 1985; Schirmer et 
al., 1986) enables detailed excitation transfer calcu- 
lations to be carried out for the first time on any 
photosynthetic pigment protein. Because the near- 
est interchromophore separations (center-to-center) 
are 2.4 nm in these molecules and because un- 
ambiguous evidence of excitonic coupling is absent 
in the molecular spectra of isolated, linker-free phy- 
cocyanins, we have assumed that excitation transfer 
in C-phycocyanin occurs solely by the Forster induc- 
tive resonance transfer mechanism (Forster, 1948, 
1967; Dale and Eisinger, 1975). To calculate trans- 
fer rates using the Forster formalism, we have used 
interchromophore distances and chromophore 
orientations from the crystal structure deter- 
mination of the hexameric C-phycocyanin from 
Agmenellum quadruplicaturn (Schirmer et al., 1986) 
which contains 18 phycocyanobilin chromophores 
per hexameric unit. The trimeric C-phycocyanin 
from Mastigocladus laminosus (Schirmer et al., 
1985) is essentially half of this hexameric structure. 
The spectral overlap integrals were calculated based 
on an analysis of the absorption and emission spec- 
tra of C-phycocyanin and of its a- and P-subunits. 
Fluorescence lifetimes were taken from previously 
published experimental values (Switalski and Sauer. 
1984; Hefferle et al. ,  1984a,b). The model for the 
excitation transfer calculation and the method of 
solving the kinetic expressions describing the excited 
state behavior are reported in detail. Emphasis is 
given to  results which can be compared directly with 
experimental measurements, such as fluorescence 
depolarization. photodichroism of ground state 
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bleaching and recovery ,  a n d  wavelength resolved 
f luorescence decay kinetics. The data are calculated 
in a fashion t h a t  enables t h e m  t o  be compared with 
m e a s u r e m e n t s  made under a variety of experimental 
condi t ions.  
MATERIALS AND METHODS 
Chromophore spectra. The absorption and fluorescence 
spectra of the a84  chromophore were obtained from the 
isolated a-subunit. The absorption spectra of the two p- 
subunit chromophores were obtained by a deconvolution 
procedure, which assumed for both p-chromophores the 
shape and bandwidth of the a-chromophore. The rationale 
for this approximation was firstly the rather similar. asym- 
metric shape of bile pigment spectra irrespective of the 
chromophore conformation and state of protonation. Sec- 
ondly, it is based on the unusual circular dichroism (CD) 
spectrum of the @-subunit, which is similar to that of the 
a-subunit with two exceptions: Its extremum is strongly 
blue-shifted as compared to the absorption maximum, and 
the anisotropy is only approx. Forty-five per cent of that 
of the a-subunit. This can be rationalized by the presence 
of two different ( p l ,  p2)chromophores. One chromophore 
is strongly optically active (similar to that of the a-sub- 
unit); this is the one absorbing at shorter wavelengths (p2) 
and its absorption maximum should then be close to the 
C D  extremum. The other, optically less active ( < l o %  
of the a-chromophore) chromophore absorbs at longer 
wavelength (p l ) .  Thirdly, it was observed that the shape 
of the fluorescence emission curve of the p-subunit is 
similar to that of the a-subunit. It was originally assumed 
that this fluorescence was due only to the fluorescing 
chromophore of the p-subunit. Our calculations indicate, 
however, that there is an equilibrium between the two 
chromophores, with 8C-85% of the excitation residing on 
the longer wavelength chromophore and the remaining 
15-20% residing on the shorter wavelength one (T and 
's' in the Teale and Dale (1970) notation, respectively, 
see results). The fluorescence of the short wavelength 
chromophore, is probably the origin of the increase in 
fluorescence polarisation measured on the short-wave- 
length side of the emission spectrum of p-subunits 
reported earlier by Mimuro et al. (1986). We assumed that 
its Stokes shift and shape is the same for each chromo- 
phore type. 
The assignment of the p84 and pl55 chromophores to 
the two absorption/emission components (PI $2) of the p- 
subunit is not possible a priori. Conflicting spectroscopic 
results have been discussed by John et al. (1985). Mimuro 
et al. (1986) have suggested that p84 is the chromophore 
absorbing at longer wavelength, and this assignment has 
been verified by titration of PC with cysteine-modifying 
reagents (Siebzehnriibl et al., 1987). The resulting spectral 
characteristics of the chromophores p84 and pl55, as well 
as these of a84, are assembled in Table 1 and Fig. 1A. 
Calculations have been carried out for both possible 
assignments of the p-chromophores, with basically similar 
results. In view of the aforementioned biochemical assign- 
ment, only the data corresponding to p155=s (sensitizer) 
and p84=f (fluorescer) are published here. We refer to 
this as the mfs model for the assignment of the 0184, p84 
and pl55 chromophores, respectively (see note added in 
proof). 
Calculations. The equations describing the kinetic 
behavior of the excited electronic state of C-phycocyanin 
are solved using numerical methods involving an iterative 
procedure known as the backward Euler method (Sham- 
pine and Gordon, 1975). In brief, a model was assumed 
in which excitation started at time zero on one chromo- 
phore in a cluster of N chromophores within a C-PC 
molecule, where N was 2 for the p-subunit, 3 for an (aP)- 
monomer, 9 for an (ap),-trimer and 18 for an 
hexamer. The chromophores within each cluster were 
assumed to be coupled pairwise by only the Forster induc- 
tive resonance interaction. Rate constants ku+A for exci- 
tation transfer between coupled donor, D ,  and acceptor, 
A, chromophores were calculated using the usual Forster 
equation. (The corrected version (Forster, 1967) contain- 
ing the factor of 115 was used in place of IF used originally 
(Forster, 1948).) 
where K is the orientation factor, K,, = p l ,  pJ-3(pIR,J) 
(IJ., R,,), with pl and p1 as the transition dipoles of the 
Table 1. Spectroscopic properties calculated for chromophores of C-phycocyanin 
a84 617 122.0 x 10" 64 1 0.72 
P84 622 73.2 x 10" 644 0.48 
Dl55 598 109.0 x 10" 623 0.72 
(A): Wavelength of maximum absorbance, A,,, (from Siebzehnriibl ef  al . ,  1986), molar 
absorptivity at maximum absorbance, c"'"~; wavelength of maximum fluorescence, A, "I."; absol- 
ute quantum yield of fluorescence, QF 
(B): Overlap integrals ( x  lo'"', cmh mol-I) and variations upon a shift of the emission band 
of the donor by ?2 nm. 
a84 P84 PIS5 
a84 7.03( +0.53/-0.48) 5.36(+0.37/-0.38) 2.38(+0.311-0.36) 
P84 6.79( +0.6O/-0.54) 5.16(+0.37/-0.36) 2.36( + O.3O/-O.27) 
PI55 10.90( +0.30/-0.40) 7.11(+0.14/-0.17) 5.53( +0.501-0.48) 
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Figure 1 .  (A) Absorption spectra of the individual 
chromophores used in the calculations for the overlap 
integrals. The spectrum of the 1x84-chromophore has been 
determined experimentally on the isolated a-subunit of 
PC from Mastigocladus laminosus. The spectra of the p84 
and pl55-chromophores are derived from a curve resol- 
ution of the absorption spectrum of the isolated P-subunit 
of the same organism. The individual components were 
assumed to have the same shape and bandwidth as the 
a84 absorption (see Methods for details). (B) Excitation 
ratios for the three chromophores at different wavelengths 
across the the long-wavelength absorption band of PC 
from M. laminosus. The values are based on the spectra 
of the individual chromophores shown in (A). 
chromophores i and j ,  respectively, and R, ,  as the vector 
connecting them. T, ,  is the actual mean lifetime of the 
excited state and a,, is the quantum yield of fluorescence. 
n is the refractive index of the medium, N is Avogadro's 
number per mole, R,, ,  is the center-to-center separation 
of the chromophores (in cm),f,, is the spectral distribution 
of fluorescence of the donor (in quanta, and normalized 
to unity), c, is the molar extinction coefficient of the 
acceptor (in cm' mol-I) and v is the frequency (in cm--l). 
A refractive index of n=1.54 was used to reflect the 
protein nature of the intervening matrix. 
A value of ~ ~ = 1 . 5  ns has been used for all chromo- 
phores; this is an average of the longest lifetimes observed 
experimentally for PC in various states of aggregation 
(Hefferle er al., 1984a,b; Holzwarth, 1986; Switalski and 
Sauer, 1984). The values for K and for R,, are taken 
from Schirmer er al. (1986) without further corrections. 
The orientation of each chromophore is determined by 
these authors from the mass distribution of the conjugated 
atoms; the distances are between the centers of mass (= 
approximately at atom (2-10) of these conjugated parts. 
The calculation is greatly simplified because of the 
inherent C, symmetry of C-PC aggregates. There are only 
three distinct chromophore clases, designated a84, p84 
and pl55. In each of the aggregates that we studied, every 
chromophore belongs to one of these three classes. 
The calculations were carried out in the following 
fashion: For a cluster of N coupled chromophores, one 
was chosen to be the location of all of the initial excitation 
at time zero. Using the Forster relation (Eq. 1) the rate 
constants were calculated for excitation transfer from the 
initially excited chromophore to each of the other N-l 
chromophores in the cluster, as well as for pairwise trans- 
fer between all of the other chromophores. A set of N 
first-order differential equations of first degree was set 
up to describe the growth and/or decay of excited state 
population at each chromophore in the cluster, assuming 
first-order kinetic behavior. In addition, each equation 
included a single first-order term describing loss of exci- 
tation by irreversible processes, such as fluorescence, radi- 
ationless internal conversion to the ground state and 
intersystem crossing to the triplet manifold. Unless other- 
wise stated, the rate constant governing all these processes 
taken together was k,=0.67 ns-I, corresponding to an 
average of the observed fluorescence lifetime of approx. 
1.5 ns (videsupra). (By setting this parameter to zero, the 
calculation then describes the relative redistribution of 
excitation among the interacting chromophores in the 
absence of excited state decay.) 
A computer program was written and compiled in 
BASIC to solve by an iterative method for the population 
of excitation on each of the chromophores in the cluster 
as a function of time. Although direct solutions of the 
system of differential equations are possible and less time 
consuming, we chose an iterative method using up to 10 
min computing time (on an IBM-AT) because this allows 
an easy extraction of data simulating a variety of exper- 
imental conditions including polarized spectra. The 
method used, known as the backward Euler method or 
the Predictor-Corrector procedure (PECE Method) with 
k = l  in the Adams formulas (Shampine and Gordon. 1975) 
is sensitive to the time intervals used and to the number 
of iterations. If either of these is insufficient, then the 
solutions become unstable at later times and large oscil- 
lations begin to occur in the populations. Fortunately, this 
happens quite suddenly using the backward Euler method, 
and it is easy to spot. This is less true for the normal Euler 
method. The step size and number of steps need to be 
most dense at the beginning, depending considerably on 
the value of N for the problem being solved. The most 
demanding calculation that was carried out was for N =  18; 
in this case initial step sizes of 0.01 ps were necessary and 
up to 3500 iterations were included for the interval to 4 
ns. 
For each value of N and set of model parameters. it 
was necessary to make three separate calculations. In each 
case the initial excitation was placed on a chromophore 
from a different class: a84. P84 or Pl55. Only three such 
initial conditions were needed, even when N=9 or N =  18, 
because each of the other possibilities is related to one of 
the three by symmetry. Once the three calculations were 
completed, they could be combined to analyze different 
conditions or to simulate a specific experiment. Because 
the absorption (excitation) and emission spectra of the 
three chromophore types are not identical, the extent to 
which each is initially excited and its fluorescence is 
detected, depends on the excitation and emission wave- 
lengths, respectively. In an experiment that monitors the 
isotropic part of fluorescence decay, emission coming from 
each of the N/3 chromophores of a particular class is 
equally likely to be detected. Hence. it is relevant to add 
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the contributions of all members of the class. When the 
anisotropic part (parallel polarized fluorescence) is moni- 
tored, then the probability of detection depends on the 
orientations of the emitting chromophores relative to those 
excited. Measurements on single crystals in a defined 
orientation produce analogous restrictions. 
All such experimental conditions can be simulated in 
the calculations by the introduction of appropriate factors 
derived from: (1) The relative excitation probabilities of 
the different chromophore types at a given wavelength, 
(2) the relative emission probabilities, and (3) the depola- 
rization of emission due to energy transfer or sample 
orientation. The former two matrices have been tabulated 
every 5 nm from the spectral data of individual chromo- 
phores shown in Fig. 1, the last one from the geometrical 
data of Schirmer et al. (1986). We will explore only the 
simplest of these applications in this paper. For the calcu- 
lations shown in Fig. 6, only the first factor has been 
applied. The matrices for all three factors enter the fluo- 
rescence polarization spectra shown in Fig. 7. The polariz- 
ation was then averaged and weighted over the calculated 
decay interval. For the remaining time, a constant polariz- 
ation was assumed. This assumption seemed to be justi- 
fied. because equilibration is complete within 50.5 ns, 
and the calculations extended to 2 5  ns. 
RESULTS 
Effect of cluster size 
The consequences of increasing the number of 
interacting chromophores in a cluster of C-PC can 
be seen most readily in terms of the rate of loss of 
excitation from the initially excited chromophore, 
extrapolated to  time zero ( k , ) ) .  This value is the 
sum of the first-order rate constants for excitation 
transfer away from the initially excited chromo- 
phore to each of the other N-1 chromophores in the 
cluster, plus that for loss of excitation, k F .  For 
chromophore I ,  this leads to 
( k ( , ' )  = k i 2  + ki3 + . . . + k l N  + kF (2) 
In Table 2 we compare results for the P-subunit 
( N = 2 ) ,  ap-monomer (N=3), (ap),-trimer (N=9) 
and (ap)h-hexamer (N=18). The initial slope of 
the excited state population of chromophore la84 
chromophore in Figs 5B and C also corresponds to 
this value. It is clear immediately that excitation 
relaxes from the initially excited c h r o m o p h o r e  much 
more rapidly in the larger cluster than in the smaller 
ones. This is a direct consequence of the detailed 
structure of C-PC, and major roles are played by 
(1) the interchromophore separation, which ranges 
from 2.36 to 9.26 nm for the (ap)6-hexamer and 
which enters as the sixth power in the Forster 
expression, (2) the orientation factor, which ranges 
from 0.12 to 1.85 and enters as square in the Forster 
expression, and (3) the overlap integrals, which 
range over a factor of 4.6. The consequences are 
that the initial loss of excitation is from 9- to over 
100-fold faster in the hexamer than in the monomer 
or the @-subunit. In the latter clusters the shortest 
distance of separation is 3.59 nm, between the p84 
and the PI55 chromophores; the orientation factor, 
K = 0.81, is relatively favorable. In the ap-mono- 
mer the distance of the a84 chromophore from the 
p84 and pl5 chromophores is 5.75 and 5.46 nm, 
respectively, and the orientation factor of K = 
-0.13 for the a84/P84 interaction is particularly 
unfavorable. In the (ap),-trimer there are signifi- 
cantly closer contacts between la84 and 2p84 of 
2.44 nm, and between lp84 and 2p84 or 3p84 of 
3.57 nm with a very favorable K = 1.46. The separ- 
ation of la84 from 2p15.5 is also relatively short at 
3.58 nm. The most favorable interactions of all 
occur in the (ap),-hexamer between chromophores 
in the upper and lower trimers, in this face-to-face 
structure. The distance between la84 and 4a84 is 
only 2.36 nm with K = 0.56; that between lp l55  
and 6p155 is 2.86 nm with K = 1.15; lp84 to 5884 
is 3.42 nm with K = 1.38, and 1684 to 6a84 is 3.74 
nm with K = 0.24. This list includes only interactions 
with chromophores in the first 'monomer' unit; by 
symmetry there are identical interactions involving 
the chromophores in each of the other 'monomer' 
units of the (af3)3-trimer and the (up),-hexamer. 
Delocalization of excitation 
In Figs. 2-5 are shown the calculated decay pro- 
files starting with equal excitation of all chromo- 
phores, for the P-subunit, the ap-monomer. the 
(aP)3-trimer and the (ap)6-hexamer. The three 
Table 2. Initial excitation transfer time constants (7,)' = l /ko-' ,  in ps) for 
energy relaxation from the chromophore initially excited in C-phycocyanin for 
different cluster sizes 
Chromophore initially excited 
~~~~~~~ No of 
chromophores a84 P84 p155 
@-Subunit 2 - 230 59 
cup-Monomer 3 900 230 53 
(crp),-Hexamer 18 7.4 7.7 6.6 
(crp),-Trimer 9 29.1 11.8 29.7 
k, , '  is defined by Eq. 2 in the text 
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Figure 2. Calculation of excited state relaxation for the 
p-subunit of C-PC for the p84=f (fluorescer) chromophore 
(upper curve, dashed) and for the p155=s (sensitizer) 
chromophore (lower curve, dotted). The calculation was 
carried out using the backward Euler method, using about 
500 time steps that increase from 0.01 ps near t=O to 50 
ps at t=5 ns. The curves plotted are the sums (in percent 
of total excitation at time zero) of the results from two 
separate calculations with the initial excitation residing on 
each of the two chromophores, respectively. 
.. . 
. . - - . - - - - . . . . . . . .,I55 ” 
types of chromophores in the monomer and higher 
aggregates are assumed to be populated equally 
initially. A few more realistic choices corresponding 
to  excitations at 570, 600 and 630 nm are shown in 
Fig. 6. Comparison of corresponding curves from 
Figs. 2-5 shows the effect of increasing cluster size 
on the initial relaxation process; this occurs signifi- 
cantly more rapidly in the hexamers and trimers 
than it does in the monomer or P-subunit. What is 
shown only in Figs. 5B,C but is quite clear from 
detailed inspection of the results of the calculations 
for the other cluster sizes, is that all of the chro- 
mophores of the same type (e.g., all of the p84 
chromophores in monomers 1 through 6 of the hex- 
amer) come rapidly to essentially the same popu- 
lation level, regardless of which chromophore was 
initially excited. This occurs, for example, within 
the first 150 ps (to an identity of * 1% in the 
80 
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Figure 3 .  Calculated excited state relaxation for the up- 
monomer of C-PC for the a84=m (intermediate) chromo- 
phore (solid), the p84 (dashed) and the pl55 chromophore 
(dotted). Calculation carried out as described in Fig. 2, 
except that each curve plotted is the sum of three com- 
ponents calculated for the initial excitation residing on 
each of the three chromophores, respectively. 
Trimer 
80 
populations) for the run shown in Fig. 5A. From 
that time on the different populations are in a quasi- 
stationary state with respect to one another, apart 
from the relatively slow overall excited state decay. 
The relative populations during this later stage in 
the decay, presented in the top two lines of data in 
Table 3, are governed by ‘uphill’ and ‘downhill’ 
excitation transfer among the different chromo- 
phore classes, which are determined by the respect- 
ive spectral overlap integrals. The fact that the 
sensitizer (s) chromophore population does not 
decay rapidly to zero is a reflection of the fact that 
‘uphill’ energy transfer is significant for C-PC. This 
is implicit in the values for the overlap integrals 
presented in Table 1, where the most favorable 
‘downhill’ value from the Pl55 chromophore to a 
is only 4 to 5 times more favorable than the most 
‘uphill’ transfer from a84 or 684 to p155. If these 
analyses of the spectra are correct, then all of the 
excitation transfer steps of importance in C-PC must 
be considered to occur significantly in both direc- 
tions. 
Also presented in Table 3 is a summary of an 
analysis of the decay kinetics of the excited state 
populations in terms of a sum of two (Fig. 2 )  or 
three (Figs. 3-5) exponentials. Owing to the sym- 
metry of these phycocyanin molecules, these are 
exactly the numbers of exponentials expected in 
each case from a direct solution of the differential 
equations (A. R. Holzwarth et al . ,  1987). For each 
species modeled, one of the exponentials has a 
decay constant that is simply k F ,  which was taken 
to  be 0.67 ns-’ for our calculations. The other (one 
or) two decay constants are algebraic combinations 
of all of the transfer rate constants plus kF.  Analyti- 
cal expressions or numerical solutions for the values 
of these decay constants can be obtained directly 
from the matrix of coefficients of terms in the differ- 
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Figure 5. (A) Calculated excited state relaxation for the 
(ap),-hexamer of C-PC for the a84 (solid), the p84 
(dashed) and the pl55 chromophores (dotted). Rate con- 
stants determined and calculation carried out as in Fig. 4, 
except that each curve plotted is the sum of the populations 
of all six chromophores. (B) Populations as a function of 
time for excited states of each of the 18 chromophores 
of the hexamer following initial excitation of the la84 
chromophore. For clarity, a different plot style was 
chosen. The line coding is as in Fig. 3, starting with la84 
(e.g. the a84 chromophore on the monomer unit 1) at the 
bottom and continuing with lp84, lpl55, 2a84 through 
6p155. The fraction of excitation on  each chromophore 
corresponds to the difference between two adjacent curves 
e.g. the fraction of excitation on la84 is the difference 
between the baseline and the solid line labeled la84, that 
for lp84 the difference between the line labeled such and 
the one labeled la84, etc. The difference between the 
base-line and topmost line (6p155) corresponds to the 
total excited state population. (C) is as (B). but plotted 
out to 1.5 ns. 
e0 t I 
Figure 6.  Calculated excited state relaxation for the (ap)?- 
trimer of PC for the a84 (solid), the p84 (dashed) and the 
pl55 chromophore (dotted). Rate constants determined 
and calculations carried out as in Fig. 4A, except that each 
curve plotted is the sum of the results obtained from three 
separate calculations with the initial excitation numbers 
for the three different chromophores determined from 
Fig. 1B. Simulations for excitation at 570 (A) ,  600 (B) 
and 630 nm (C). 
ential equations, which gave identical solutions to 
the ones determined by the iterative procedures. 
DISCUSSION 
General 
The significance of the results described in this 
manuscript is that, for the first time for a photosyn- 
thetic pigment protein, excitation transfer rates 
were calculated for a specified molecular structure 
determined by X-ray crystallography. It is appropri- 
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Table 3. Kinetics of partitioning excitation among chromophore classes 
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These 
calculations SynechococcuP f M .  laminosus: M .  lumiriosus'!i 
P-Subunit 48 
1500 
(ap)-Monomer 45 
700 
1 500 
27 
1500 
18 
1500 
(ap),-Trimer 16 
(ap)6-Hexamer 15 
47 
200 
675.1320 
20 36 45-6 1 
122 203 
600,1300 807,1420 1 13(& 1640' 
10 
4C-50 
1800 
*Holzarth, 1985; tHolzwarth et al., 1987; SWendler ef al., 1986; Ykhneider ef al., 1984a; IIHefferle ef 
al., 1984a. 
Calculated values listed are the time constants (in ps) for the fast ( 7 , )  and intermediate ( T ~ )  of a three 
exponential analysis, with k ,  = 0.67 ns-' for the rate constant of radiative plus non-radiative decay 
corresponding to T+ 
ate then to compare the calculated behavior with 
experimental data available from measurements of 
the identical or similar molecules. Before this will 
be done, it may be useful to discuss critically the 
experimental data used in the calculations, as well 
as the limitations of comparisons with currently 
available experimental data. 
The three different types of chromophores in the 
molecule have geometries that can be specified to 
different degrees of certainty (Schirmer et al., 1986): 
All four rings are well defined for pl.55, only two 
rings (A,B) are defined for p84 and educated 
guesses have been made for rings C and D ,  and 
the definition of a84 is intermediate. While the 
interchromophore distances will be fairly well 
restricted by these data (but enter Eq.  1 at sixth 
power), the K-factors entering with the power of 
two may be influenced considerably by the geo- 
metrical uncertainties. Also, the published structure 
with the highest resolution has been determined for 
Agmenellum quadruplicatum rather than for Masti- 
gocladus laminosus, from which the spectral data 
have been extracted. Although the chromophore 
geometries of A .  quadruplicatum PC are similar to 
the ones from M .  laminosus, better refinements of 
the structures have to be awaited for more precise 
calculations. One also has to be aware that the 
crystal structure may not be identical to that in 
solution. It is already suggested from the crystallo- 
graphic analysis (Schirmer et al., 1985, 1986) and 
reversible photochemistry (Siebzehnubl, 1986) that 
in particular the chromophore p84 may not be 
rigidly immobilized in the protein. 
Even if the geometries were precise, the distances 
and orientations used in Eq. 1 relate to charges 
rather than to masses. Again, the effect on K is 
expected to be more pronounced than on RDA. 
Scharnagl and Schneider (unpublished) have 
PAP 46:3-8 
recently calculated the dipole transition orientations 
by molecular orbital methods applied previously to 
bile pigments (Wagniere and Blauer, 1976; Schnei- 
der et al., 1985b). The variations are generally less 
than 25% with extrema of 2, which would change 
the rate constants by a factor of 1.6 and 4, respect- 
ively. Only in the few cases with a very small K- 
factor together with a sizeable overlap integral or 
short RDA is this approximation expected to  affect 
the results noticeably. One such case is the transfer 
between la84  and 2p84. 
The next experimental factor in Eq. 1 is the over- 
lap integral. There are three problems involved in 
deriving the spectra of the individual chromophores. 
The first one is the curve deconvolution. Mimuro 
et al. (1986) arrived at spectra similar to those we 
have presented in Fig. 1 by an independent analysis. 
The main differences are a more blue-shifted 
absorption of the pl55 chromophore, and a higher 
oscillator strength for the p84 chromophore absorp- 
tion in their analysis. Both would affect the overlap 
integrals and in particular the equilibrium distri- 
bution of the excitation energy, but the differences 
have been estimated to be 530%. A second prob- 
lem was the chromophore assignment at the begin- 
ning of this work. The two models with reversed 
assignment for the p84 and pl55 chromophores 
were investigated in parallel during the calculations 
and give somewhat different results, but the results 
of Mimuro et al. (1986) and Siebzehnrubl et al. 
(1987) now strongly support the 'mfs model' with 
p84 as fluorescer and pl5.5 as sensitizer, 2nd only 
these data are published. 
The third problem is that the same chromophore 
spectra have been used for the monomer, trimer 
and hexamer. Whereas the absorption (and CD) 
spectra of the subunits add up to that of the mono- 
mer (Mimuro et al., 1986; John er al., 1985; Switalski 
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and Sauer, 1985), red shifts on the order of 6 nm 
occur in PC from M .  laminosus (Mimuro et al., 
1986; John et al., 1985) upon trimerization, which 
have been neglected in the calculations. The crystal- 
lographic data have been collected for molecules 
that are trimeric (Mastigocladus laminosus) or hexa- 
meric (Agmenellum quadruplicatum) in their most 
stable forms. There are small but measurable wave- 
length shifts and band narrowing of the trimer and 
hexamer spectra of other biliproteins, even in the 
absence of linker peptides, relative to those of the 
monomer (Glazer et al.,  1973; MacColl and Berns, 
1981). The spectroscopic differences become more 
pronounced in the presence of linkers, which are 
known to produce considerable red-shifts (Lundell 
et a l . ,  1981) and other spectral changes possibly 
including exciton interactions (Lehner and Scheer, 
1983). The results are then limited to small aggre- 
gates without linkers. 
Additional factors of uncertainty in Eq. 1 are the 
fluorescence lifetime and the quantum yield. Both 
enter only to the first power, and their influence 
should then be small as compared to the other 
ones. It should be noted, however, that the different 
chromophores probably have different rate con- 
stants for relaxation to the ground-state, whereas a 
single one (0.67 ns-I) has been assumed throughout 
these calculations. There is also experimental evi- 
dence which suggests that individual chromophores 
may be present in different environments or confor- 
mations exhibiting different lifetimes (Hefferele et 
al., 1985; Switalski and Sauer, 1984). 
Besides these factors affecting the quality of the 
calculation, there are also problems in the compari- 
son with experimental data. The experiments have 
been carried out with pigments from a variety of 
organisms. For most of these organisms, detailed 
studies on the individual chromophore spectra are 
not available, and there are indeed small but notice- 
able differences in the shape and position among 
the absorption bands of different PC. Although the 
two PC molecules investigated by X-ray crystal- 
lography have remarkably similar internal struc- 
tures, one cannot be certain that this similarity will 
hold for PC from other organisms. The spectral 
resolution factors for absorption and emission would 
then be different. The experiments have also been 
carried out with a wide variety of techniques, exhi- 
biting rather different time and spectral resolution, 
photon fluxes, etc. (see Table 3). Furthermore, in 
some cases, such as with lasers, the exciting light 
may have a large degree of spatial anisotropy (plane 
polarization). The extent to  which this is present will 
certainly influence any measurements that sample 
anisotropic behavior, and knowledge of the specific 
experimental parameters is important for compari- 
son with model calculations. An important problem 
is the extraction of the kinetic parameters from the 
experimental curves. This depends critically on the 
model used (e.g. nonexponential. multiexponential, 
analysis of individual traces or global fit), and on 
the signal-to-noise of the data (see Hefferle et al., 
1984a; Holzwarth, 1986 for discussion). 
Nevertheless, with all of these reservations, we 
feel that the experimental basis is so much better 
defined for PC than for any other photosynthetic 
antenna complexes, that some comparison with pub- 
lished experimental results is warranted and interest- 
ing. Further refinement of the crystallographic and 
experimental data have to be awaited for a more 
precise analysis (see note added in proof). 
Effect of different aggregation state 
Comparison with steady state data. Mimuro et al. 
(1986) have performed an important and imagi- 
native analysis of a detailed set of spectroscopic 
measurements of the (ap),-trimer, the ap-mono- 
mers and the separated a- and P-subunits of PC 
from M .  laminosus, which was used to deduce infor- 
mation about the path of excitation energy transfer. 
The authors made use of preliminary X-ray data on 
crystals of the (ap),-trimers; further refinements of 
this structure (Schirmer et al., 1985) show that it is 
very similar to the two halves of the (more highly 
resolved) (ap),-hexamer structure of PC from A .  
quadruplicatum (Schirmer et al., 1986). It appears, 
therefore, that both experimental results and calcu- 
lations for the PC molecules from these two organ- 
isms should be closely comparable. Our more 
detailed analysis reaches conclusions which are 
identical to those of Mimuro et al. (1986) in some 
cases, but there are also important differences. 
Throughout the discussion of these data, the mfs 
model with p84 as the fluorescing and pl55 as the 
sensitizing chromophore is assumed, as has been 
done by Mimuro et al. 
On the basis of steady state fluorescence polariz- 
ation measurements Mimuro et al. (1986), con- 
cluded that, for the ap-monomer, the dominant 
energy transfer is from the pl.55 to p84. This is in 
agreement with our calculations, which show that 
rate to be nearly five-fold larger than any other. 
The next largest is the back transfer between the 
same two chromophores, and transfer from pl55 to  
a84 is almost a factor of two slower than that. We 
agree with their conclusion that excitation transfer 
in the monomer occurs mainly within subunits 
rather than between them and that the observed 
fluorescence qmission should be a superposition of 
strong contributions from the a84 and the pt (prob- 
ably P84-)chromophores. Our calculated relaxation 
rates for excitation on the a chromophore is only 
about four times the measured fluorescence decay 
rate. The relaxation of the P-chromophores with 
one another is almost ten times faster than that. 
This supports the relative isolation of the excitation 
on the two subunits in the ap-monomer. 
For the (ap),-trimer the proximity of the a 
chromophore of one monomer unit to the p84 of 
Excitation transfer rates in C-phycocyanin 
the next adjacent monomer introduces an important 
new energy transfer path. Indeed, our calculation 
indicates that this new transfer path is about 20% 
faster than any other in the (ap),-trimer. We disr 
agree, however, with the conclusior) of Mimuro et 
al. (1986) that the a84 to neighboring p84 and pl55 
to p84 transfer within each monomeric unit are the 
dominant transfer steps. Our calculations indicate 
that two other processes have quite similar rates: 
the back transfer from p84 to  the neighboring a84 
chromophore and the transfer from p84 of one sub- 
unit to the p84 of each of the other two subunits. 
These two processes have important consequences 
for the observed spectroscopic properties of the 
(ap),-trimer. The back-transfer between p84 and 
a84 means that excitation is distributed significantly 
over both of these chromophores, and, just as in 
the ap-monomer but here for a different reason, 
the observed fluorescence should have significant 
contributions from both of these chromophore 
classes. This is in contrast to  the conclusion of 
Mimuro er al. that in the (ap)3-trimer the fluores- 
cence should come almost entirely from the p84 
chromophore. In this sense it is important to note 
that the spectroscopic properties deduced for the 
a84 chromophore, both by Mimuro et al. and by 
us, indicate that it should behave more like an f 
(fluorescing) than an s (sensitizing) chromophore. 
The efficient transfer from p84 of one monomeric 
unit of the (ap),-trimer to p84 of the other two units 
has important consequences for the fluorescence 
depolarization. The intermonomer transfer between 
a84 and p84, together with the rapid delocalization 
of excitation among the p84 chromophores, leads 
to a depolarization mechanism in the (ap),-trimer 
that is not present in the ap-monomer. This latter 
exchange among the p84 chromophores is the 
immediate cause of depolarization, because the 
chromophores are nearly perpendicular (86") to one 
another. There will be additional contributions 
owing to subsequent back transfers to a84 chromo- 
phores. This strong depolarization is in agreement 
with the experimental observations of Mimuro et 
al.,  but they were led to quite different conclusions. 
It is interesting in this respect to compare the 
experimental steady state fluorescence polarization 
data, with the ones calculated for the three cluster 
sizes, p-subunit, monomer and trimer (Fig. 7). The 
Figure 7.Calculated (0) and experimental ( x :  A,,, = 670 
nm, 0: A, = 656 nrn) degree of fluorescence polarization 
spectra for the P-subunit (a), the monomer (b) and the 
trimer of PC ( c ) .  Experimental data from Mimuro er 
al. (1986) for M .  laminosus (Acm = 670 nm), and from 
Grabowski (private communication, 1986) for Phormi- 
dium luridum (Acrn = 656 nm). An emission wavelength 
of 670 nm has been used throughout the calculations. The 
difference for emission at 655 nm (corresponding to the 
P .  luridum monomer data), is smaller than the diameter 
of the circles (not shown). 
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break-points in the fluorescence polarization spectra 
agree well with the experimental data, but the 
agreement of the absolute values is only moderate. 
In view of the importance of K for these calcu- 
lations, the discrepancies may relate to the uncer- 
tainties discussed above for this factor. For the p- 
subunit, the calculated degree of polarization is too 
high throughout most of the spectral range. Lower 
experimental values can principally be reconciled 
from the fact that generally the maximum value for 
isotropic samples, 0.5, is not attained, probably due 
to a non-parallel orientation of absorption and emis- 
sion dipoles of each chromophore, and also to 
experimental limitations. However. this would not 
explain the small increase at longer wavelengths. 
which is much less pronounced than in the experi- 
mental data of Mimuro et af. (1986). For the mono- 
mer and trimer. the calculated values are even 
smaller than the experimental ones throughout the 
spectrum. It should be noted, that the difference 
among experiments of different PC monomers. e .g .  
the ones from M .  larninosus (Mimuro et al.. 1986) 
and Phormidium luridurn (Grabowski, personal 
communication) is not negligible, but is of the same 
size as the difference between experimental and 
calculated values. 
The p84 to p84 transfer is especially important in 
understanding an additional study carried out by 
Mimuro et ul. (1986). They produced a ‘treated’ 
trimer, by reconstituting @-subunits with a‘-sub- 
units, where the a84 chromophore had been modi- 
fied chemically to shift the excited states to higher 
energy (absorption to shorter wavelength, approx. 
450 nm). They found that the excitation polarization 
spectrum of the (a’p),-trimer was similar to that of 
the untreated ap-monomer. The observed polariz- 
ation values were distinctly higher than those of 
either the @-subunit or the unmodified (ap),-trimer. 
and they reached the conclusion that energy transfer 
between adjacent monomeric units in (a ’p)? does 
not occur. Our calculations show, however, that 
there should still be rapid excitation transfer among 
the three p84 chromophores in the (a’p),-trimer. A 
principal difference will occur in that back transfer 
from p84 to a84 should be missing. 
In going from the (ap),-trimers to the (a@)(,- 
hexamers present in C-PC from A .  quadruplicatum, 
three important new transfer steps become import- 
ant across the boundary between the two trimeric 
parts of the (ap),-hexamer. The transfer rates 
between pl5S chromophores (e.g. 1B2 to 6B2, 2B2 
to 4B2, etc. in the notation of Schirmer e t a / .  (1986) 
and corresponding to  l p l 5 5  to 6p155, etc. in our 
notation) and between a84 chromophores (la84 to 
41x84, 2a84 to 5384, etc.) are more than three times 
faster than any other rates. The consequence is that 
excitation is very rapidly exchanged between the 
two trimeric units, even more rapidly than it flows 
from either of these chromophores to  the p84 (pre- 
sumed fluorescer) chromophore. In the crystal, this 
excitation exchange occurs even more rapidly 
between the hexameric molecules because of the 
very rapid transfer between p84 chromophores cal- 
culated to  occur across the interface between adjac- 
ent hexameric molecules. All of these effects give 
a very strong component to excitation transfer along 
the direction of the threefold symmetry axis of the 
structure. Assuming that this is the same direction 
as the long axis of phycobilisome rods. it would 
provide for a very efficient path for excitation trans- 
fer to reach the allophycocyanin-containing core. 
This picture of excitation transfer is somewhat 
different from one that has been popular in recent 
years. In that picture excitation transfer is con- 
sidered to result in a rapid transfer from the a84 
and plS5 chromophores in each trimeric unit to the 
p84 chromophores in the same trimeric unit. The 
p84 chromophores then constitute a kind of central 
cluster in channeling excitation along the rod axis 
and in the direction of the phycobilisome core. 
There is no doubt, based on our calculations, that 
these are important steps in the overall process. 
However, the efficient exchange of excitation 
between p84 and a84 chromophores together with 
the efficient transfer between p chromophores of 
adjacent trimeric units means that the a84 chromo- 
phores participate strongly’ in increasing the cross- 
section of the excitation transfer channel along the 
rod axis. The depletion of excitation that arrived 
initially on a pl5.5 chromophore occurs significantly 
more slowly. Summing all transfers from and back 
transfers to pl5S from the other chromophore 
classes one calculates an expected lifetime of 17 ps 
for the decay of excitation from the collection of 
plSS chromophores in the (ap)6-hexamer. This 
number will be essentially unchanged in the corre- 
sponding crystalline state. Even in the ap-mono- 
mers or the @-subunit the corresponding time for 
energy loss from pl55 chromophores increases only 
to about SO ps. The dependence of corresponding 
times for the a84 and p84 chromophores shows a 
much stronger dependence on the degree of aggre- 
gation. 
Comparison with kinetic data. In their pioneering 
fast kinetic studies of ground state bleaching and 
recovery of C-phycocyanin from Phormidium luri- 
durn, Kobayashi et d.  (1979) found evidence for 
increasing excitation transfer rates with increasing 
degree of aggregation. This trend has been substan- 
tiated subsequently by other authors (Hefferle et al., 
1984a,b; Holzwarth, 1985, Holzwarth et al., 1987; 
Switalski and Sauer, 1983; Wendler et al . ,  1986). This 
trend is in the same direction as that calculated. Quan- 
titatively, the results from the different groups differ 
considerably, and the calculated rates are generally 
faster than the measured ones (Table 3). With the 
improvement of experimental techniques, however, 
there seems to be a trend to a more favorable compari- 
son. The data will be compared in order of increasing 
aggregate size. 
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The p-subunit showed two decay components for 
both the anisotropic and the isotropic relaxation in 
C-PC from M .  laminosus (Hefferle et al., 1984a). 
For the anisotropic decay a component with a life- 
time of only 0.19 ns was observed, along with a 1.04 
ns lifetime, which is not far from the mean lifetime 
(1.23 ns) observed for the anisotropic decay of the 
a-subunit. (This subunit also shows a biexponential 
decay, whose origin may relate to an inherent 
heterogeneity (Switalski and Sauer, 1983; Hefferle 
et a/ .  , 1984a) and/or aggregation (Glazer ef a/. , 1973; 
John, 1986). Because each decay curve was analyzed 
in terms of only two exponentials, it is reasonable 
to assume that the 0.19 ns lifetime arises from excit- 
ation transfer between the two chromophores in a 
P-subunit and that the longer lifetime reflects a 
mean of intrinsic decays. The Forster calculation 
for the p-subunit (Fig. 2) shows two distinct phases 
in the decay. The slower one is that determined by 
the 1.5 ns lifetime assumed for the excited state 
lifetime. The faster phase, which results from excit- 
ation transfer between chromophores, is nearly 
complete by 0.20 ns. Its l ie  time is 48 ps, which is 
appreciably shorter than the resolved short experi- 
mental component. Perhaps some, but probably not 
all, of this discrepancy is attributable to the inability 
of the data to be resolved meaningfully into three 
or more components. At the same time, the isolated 
P-subunits also probably exist as P,-dimers in aque- 
ous solution (Glazer et a/., 1973; John, 1986). If 
these dimers are arranged in a non-symmetric 
fashion, then that will certainly results in increased 
complexity in the decay. 
For the ap-monomer, the (ap)3-trimer or the 
(ap)6-hexamer species there is no reason to question 
the currently accepted degrees of aggregation; how- 
ever, the homogeneity of the preparations used in 
some studies has not been confirmed directly by the 
investigators involved. The investigation of Hefferle 
et al. (1984a) shows both the isotropic and aniso- 
tropic decays resolved into two components for both 
the ap-monomers and (rup),-trimer. In M .  
laminosus PC the (ap),-hexamer is not stable in 
aqueous solution. For the ap-monomer the short 
lifetime of 0.25 ns for the anisotropic decay is even 
longer than the corresponding value for the P-sub- 
unit. This could reflect a contribution (unresolved) 
from the slow excitation transfer from the a84 
chromohore predicted by the calculations. Because 
the values of K ~ / R ~  for the closest interactions (p84 
and pl55 chromophores) are about the same for 
the p-subunit and for the ap-monomer, there is 
essentially no difference in the 45-48 ps lifetimes 
calculated for the initial excitation relaxation. These 
calculated values are significantly shorter than those 
resolved by Hefferle et a/ .  (1984). however. 
In the case of the ap-monomers there is only one 
chromophore of each type present, so there is no 
conceptual problem in comparing results of the cal- 
culation with the fast relaxation of the anisotropic 
fluorescence, apart from the fact that no wavelength 
resolution was attempted by Hefferle et al. In the 
case of the (ap),-trimer, however, there are three 
chromophores of each class per molecule. Thus, 
polarization anisotropy will be lost not only because 
of transfer from one chromophore class to  another 
but also because of transfer among the chromo- 
phores within each class. This occurs also in the 
(ap)6-hexamers and higher aggregates, of course. 
In principle, because we know the chromophore 
orientations and separations, it is possible to model 
the relaxation observed under any particular set of 
experimental conditions. The wavelengths of exci- 
tation and emission need to be considered in this 
modeling, however, and these are not specified suf- 
ficiently in the experiments of Hefferle et al. 
(1984a). 
The most rapid relaxation of the anisotropic fluo- 
rescence for the (ap),-trimer of C-PC from M .  
laminosus occurs in 62 ps. Not only is this appreci- 
ably faster than the corresponding components from 
the P-subunit or the ap-monomer, but it is in the 
range of values expected on the basis of the calcu- 
lations (16 and 27 ps, Table 3). Perhaps a more 
meaningful comparison for this initial anisotropy 
relaxation is with the rates of relaxation of the 
populations of the initially excited chromophores at 
time zero (Table 2 ) .  The calculated range is between 
6 and 100 ps in the (ap),-trimer depending on which 
chromophores are excited and monitored by the 
fluorescence measurement. It is significant to note 
that these short lifetimes are seen experimentally 
only in the anisotropic fluorescence decay; the initial 
stages of the measured relaxation of the isotropic 
fluorescence appears to  be significantly longer for 
each cluster size that was studied. 
Several attempts have been made to improve the 
wavelength resolution for the excitation and emis- 
sion. In a study of the (ap),-trimer C-PC from M .  
laminosus by Schneider et al. (1985a) three pairs of 
monochromatic (? 8 nm) excitation and emission 
wavelengths were used with the repetitive streak 
camera technique. For these measurements, where 
each decay was resolved into only two components, 
a fast relaxation in the range from 35 to 61 ps 
was found in both the isotropic and the anisotropic 
fluorescence decays, which became shorter with an 
increasing spectral separation between the exci- 
tation (575 or 600 nm) and emission wavelengths 
(590, 620 or 630 nm). The relative amplitudes 
depend significantly on the wavelength of excitation 
and emission monitoring, which can in principle be 
compared with model calculations. In each case a 
slower decay in the range of 0.8 to 1.64 ns was 
observed as well. 
In a related study. Schneider et al. (1985b) exam- 
ined a suspension of microcrystals of the ( c $ ) ~ -  
trimer of C-PC from M .  laminosus. Because of 
signal-to-noise limitations, only the isotropic fluo- 
rescence was monitored, using 580 nm excitation 
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and monitoring fluorescence at  all wavelengths 
longer than 620 nm. Here a 59 ps short relaxation 
is also observed; however, the second component 
of 0.49 ns lifetime is appreciably shorter than the 
long lifetime of 1.31 ns resolved from an (ap),- 
trimer solution measurement made using the same 
wavelengths of excitation and monitoring. This dif- 
ference was attributed t o  the occurrence in the 
(ap),-trimer crystals of a fast relaxation from 
strongly coupled a84 and 084 chromophores. No 
such consequence is expected based on the model 
that we have used for our calculations, however. 
The overall excited state relaxation should be lim- 
ited ultimately by the 1.5 ns fluorescence lifetime 
in each case. Recently, a more detailed wavelength- 
resolved study of C-PC from Synechococcus 6301 
(formerly called Anacystis nidulans) has been car- 
ried out by Holzwarth et d.  (1987). Investigations 
of the a@-monomer, the (ap),-trimer and the (ap)6- 
hexamer in aqueous solution were done using a 
synchronously pumped mode-locked dye laser and 
single photon-timing detection. Analysis of the data 
was carried out using a global data analysis method 
that allows the extraction of all spectroscopically 
distinguishable components (eigenvectors) from a 
simultaneous deconvolution of data collected for the 
same sample using different excitation and emission 
wavelengths. In  each case investigated, four such 
eigenvectors were extracted from the analysis 
(Table 3). In addition to the different lifetimes of 
excitation decay, one or two of the lifetimes were 
associated with the delayed formation of excited 
state population of the longer wavelength absorbing 
chromophore classes. Only the isotropic fluoresc- 
ence decay was examined in this study. 
Of the four eigenvectors seen for the ap-mono- 
mers, the two shorter ones are attributable to exci- 
tation transfer from the s (47 ps) and from the m 
(200 ps) chromophores. The shorter of these is in 
excellent agreement with the dominant decay of the 
s chromophore calculated. Furthermore, the data 
shown in Table 2 make it clear that the loss of 
excitation from the mM (1x84) chromophore of the 
ap-monomer should be almost 10-fold slower than 
that from s chromophores for each model. Thus, 
there appears to  be very good agreement between 
the Forster transfer calculations and the experimen- 
tal results of Holzwarth for the up-monomers. (One 
must remember, of course, that the X-ray crystallo- 
graphic measurements have not yet been reported 
for PC from Synechoccus 6301). The two longer 
decay components, 0.675 and 1.32 ns, show similar 
spectral shapes and no indications of rising (negative 
amplitude) phases at any wavelength. For the pre- 
sent we assume that these both arise from the f 
chromophores and have the same unknown origin 
as the corresponding components reported pre- 
viously for the a-subunit, the p-subunit and ap- 
monomers of PC molecules from other organisms 
(Hefferle et al., 1984a,b; Switalski and Sauer, 1984). 
For the (ap),-trimer the four experimentally 
resolved components include a short wavelength 
s-type spectrum with a very fast (20 ps) decay at  
short wavelength and a 35 ps rising phase at  longer 
wavelength. A second component resembling the 
m (a84) chromophore is associated with a 122 ps 
lifetime. Similar properties have been observed 
using the global analysis approach applied to the 
( (YP)~ trimer of PC isolated from M. laminosus 
(Wendler et al., 1986). Again, these values are in 
general agreement with values derived from the 
calculational models, as summarized in Table 3. The 
properties of the (ap),-hexamer from Synecho- 
coccus (Holzwarth, 1985; Holzwarth et al.,  1987) 
are similar to  those of the (ap),-trimer, except that 
the intermediate decay component of 0.55 ns has 
only a very small amplitude. The decay can be 
described almost as well using only three com- 
ponents, with a somewhat longer lifetime, 1.8 ns, 
associated with the f chromophore, and still shorter 
lifetimes of 10 ps and 40-50 ps associated with the 
s and m chromophores, respectively. The latter 
numbers are of the same magnitude as those pre- 
dicted by the models, add the experimental data 
are in general agreement with the prediction that 
excitation transfer should be more rapid for the 
larger cluster sizes. 
It should be possible to make a more stringent 
comparison between data of the type collected and 
analyzed by Holzwarth and the calculations. This 
will require a more detailed specification of the 
fraction of each chromophore class excited at each 
excitation wavelength and the fraction of each class 
of emission detected at each fluorescence wave- 
length. It should then be possible to simulate the 
individual response profiles under each set of wave- 
length conditions. Not only will this be helpful in 
verifying the general validity of the Forster transfer 
model applied to PC, but it should also help to 
confirm the assignment of the p-chromophores as 
having s or f function. Investigations along these 
lines are currently under way. 
CONCLUSION 
Excitation energy transfer in C-phycocyanin cal- 
culated using the Forster inductive resonance mech- 
anism appears to  be compatible with experimental 
measurements of isotropic fluorescence decay and 
of depolarization kinetics. In particular this rnechan- 
ism can account for the fastest energy transfer times 
hitherto determined experimentally for this system. 
Based on these observations and the relatively long 
interchromophore distances determined from X-ray 
crystallographic analysis, we conclude that Forster 
transfer is sufficient to  account for excitation trans- 
fer in C-phycocyanin. Although there is qualitative 
agreement between the calculated rates and experi- 
mentally measured quantities, further refinements 
in both the structural data and the spectroscopic 
Excitation transfer rates in C-phycocyanin 439 
measurements are needed before a quantitative 
comparison is meaningful. Nevertheless, this first 
detailed excitation transfer model calculation for a 
photosynthetic pigment protein is encouraging that 
much useful information will be obtained as 
additional kinetic and structural data become avail- 
able in the near future. 
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Note Added in Proof 
The assignment of chromophores beta-155 as “s” and beta-85 as “f” has recently been confirmed indepen- 
dently from linear dichroism measurement on PC crystals (Schirmer et al.,  submitted for publication). We 
are aware of the recent resolution improvement on the crystal structures of PC fr0m.M. laminosus and 
A .  quadruplicaturn (Schirmer et al., submitted for publication). Calculations with these data are in progress. 
We thank the authors for communication of unpublished results. 
